EEEEEEEE
EEEEEEEEE
NNNNNNNN
AAAAAAAAAA

UCRL-JRNL-201933

Pressure-Induced Metallization of
the Mott Insulator MnO

J. R. Patterson, C. M. Aracne, D. D. Jackson, V.
Malba, S. T. Weir, P. A. Baker, Y. K. Vohra

January 21, 2004

Physical Review B



Disclaimer

This document was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor the University of California nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any
specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United
States Government or the University of California. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or the University of California,
and shall not be used for advertising or product endorsement purposes.



Pressurelnduced Metallization of the Mott Insulator MnO

J. R. Patterson, C. M. Aracne, D. D. Jackson, V. Malba, and S. T. Weir
Lawrence Livermore National Laboratory, Livermore, CA 94551

P. A. Baker and Y. K. Vohra
University of Alabama at Birmgham, Birmingham, AL 35124

Abstract

High-pressure electrical conductivity experiments have been performed on the Mott
insulator MNO to a maximum pressure of 106 GPa. We observe a steady decrease in resistivity
to 90 GPa, followed by a large, rapiéctease by a factor of 16etween 90 and 106 GPa.
Temperature cycling the sample at 87 and 106 GPa shows insulating and metallic behavior at
these pressures, respectively. Our observations provide strong evidence for a preksiee
Mott insulatorto-metal transition with an accompanying magnetic collapse beginning at 90 GPa.

Introduction

The electronic structures of the transition metal monoxides Mno, CoO, and NiO exhibit
localization of their 3d electrons due to a combination of strong elediextron correlation
energies and narrow 3d electronic bands. Although one might expect the partially filled nature
of the 3d electronic shells in these compounds to make them metallic, all of these transition
metal monoxides are in fact robust Mott indolis due to correlaticimduced localization of
their charge carriers at the Fermi energy. The study of strongly correlated systems such as MnO
is of interest because large electrelectron correlation effects are recognized to be important
features of lgh-T, superconductofsmany magnetic systefe.g. heavy Fermions), and
geophysically important materials in the Earth’s inte%or.

MnO is an antiferromagnetic (I= 122K) ionic crystal with the B1 (rock salt) structure
at ambient conditions. The Mhions of this structure possess hfilfed 3d® shells, which form
into a highspin Hund’s rule state d%S for a free ion. However, in the actual octahedral crystal
field environment surrounding each Kirion in MnO, the 5fold orbital degeneracy of thed
level is partially lifted and the individual 3d states are split into triply degenesgéat doubly
degenerategdevels. Since this crystal field splitting for MN@QEcr= 1 eV) remains smaller
than the Hund'’s rule exchange splittingHgx =~ 4.5 eV), parallel electron spin alignment is
favored, and the higBpin nature of the 3d electrons is retained. In this state, all of the parallel
spin states of thedand g levels are singly occupied, and the remaining, opposite spin states are
completely enpty %Alg crystal field ground state).

The degree to which a system will tend to exhibit correlaiimiuced Mott localization
of electrons can be characterized by means of two parameters in the Hubbard model: (1) the
Coulomb repulsion energy U for twelectrons on the same atomic site; and, (2), the effective
electronic bandwidth W. Mott localization is expected in narrow band systems when the ratio
U/W exceeds a critical value. Marbody Monte Carlo simulations have predicted that this
critical valwe is given byVN, or 2.24 for the eband, where N is the orbital degenerdéysor
MnO at ambient pressure, the Hubbard U is about 7.8 eV and the effective bandwidth W is about



1 eV for a U/W ratio of 7.8, makg MnO a strong Mott insulatot® Indeed, experimental values
for the energy gap of MnO range from 3.8 to 4.2°€\¥¢onfirming that MnO is a widgjap Mott
insulator at zero pressufe.

Pressure Effects

The applicatiorof high pressures tends to increase the overlap between electronic
wavefunctions and broadens the electronic bands, causing a decrease in the U/W ratio and the
eventual delocalization of the electrons. Higtessure electrical conductivity experiments ar
an ideal method for observing the onset of delocalization, and have been recently used to study
the metallization of the Mott insulators Njland FeOs at 19 and 50 GPa respectively’

In some cases, a met-insulator transition may be accompashigy a structural
transition. Previous experiments have demonstrated a similar sequence of structural transitions
exists in several rockaltstructured transition metal monoxides. In addition, recentfirst
principles calculatiorishave shown that for some transition metal monoxides, the requisite
pressure for magnetic collapse and metallization could be as high as 230 GPa, and may indeed
correspond to observed structural transitions. For MnO, previousgrggsure diamad anvil
cell (DAC) x-ray diffraction studies have found that it undergoes a series of structural phase
transformations with increasing pressure. The sequence Bl (rocksdigtorted B1—
unidentified— B8 (NiAs) was observed with transition pressuoé80, 90, and 120 GPa
respectively:* Furthermore, Kondo et at.reported that at pressure starting from around 80 GPa
at room temperature, the MnO sample started to take on a metallic luster, eventuaithjirmeco
indistinguishable from the stainless steel gasket by 100 GPa. From this, they suggested that
MnO is metallic above 90 GPa. Shock wave compression experiments on MnO have revealed
that it undergoes an 8% volume collapse at a pressure of 90 GPa astraated temperature of
1000°C on the shock Hugoniot-R curve!? Electrical conductivity experiments on MnO under
shock compression up to 50 GPa revealed no evidence of metallization to this préssure.
addition, recent simulations predict magnetitlapsé in MnO at 149 GPa, and stabilization of
the metallic B8 (NiAs) phaséat pressures above 120 GPa. In order to confirm that MnO does
indeed metallize under static pressure of around 1 Mbar, we performegbreghire electrical
conductivity experiments on MnO in a DAC to a maximum pressure of 106 GPa.

Experiment

We performed twan situ electrical conductivity experiments on MnO in a DAC, one to
90 GPa, and one to 106 GPa. MnO powder of 99.5% purity was obtaned from Alfa Aesar, and
loaded into a DAC (Kyowa Seisakusho Co. scigype). The first experiment employed
diamonds with 206800 um culet flats, while in the second experiment culet flats of 0
were used. In both cases, samples were loaded #imdented spring steel gaskets, and sample
chambers of 10A10 and 75880 um were drilled for the first and second experiments
respectiely. No pressure medium was loaded in order to maximize sample volume and ensure
good electrical contact. Ruby chips of-16 um were loaded in each cell as a pressure marker
(we denote the experiments using ruby as a pressure marker as Run 1 andf®uhérst and
second experiment respectively); however, in the second run, pressures above 80 GPa were
calculated by comparison of oufray diffraction spectra with the-ray diffraction spectra and
MnO equatiorof-state (EOS) of Kondo et &.(Run 2b). By matching the positions of our



diffraction peaks to the corresponding diffraction peaks of Kondo et al., we were able to least
squaredit each diffraction spectrum to a pressure, independent of crystaiture (since
individual MnO peak positions are known as a function of ruby pre$§weeen though these
peaks have not been indexed to an identified structure for 90 GPa < P <120 GPa). Energy
dispersivex-ray diffraction was performed on beamlineIX¥ C of the National Synchrotron

Light Source, Brookhaven National Laboratory.

Electrical conductivity measurements were made via “designer” diamond anvils in each
DAC. Designer diamond anvils are individuaflbricated diamond anvils in which thitim
tungsten microprobes are encapsulated within a layer ofdugthity, singlecrystal, epitaxial
diamond. Designer anvils have been fabricated for{pigfssure electrical conductivity
experiments as well agf magnetic susceptibility experimerits Details of the fabrication of
these anvils have been discussed elsewtfeéferhe designer anvil used in our experiment is
shown in Figure 1. The eight microprobes areub® wide and 0.5um thick, and are exposed
only at the surface near the center of the diamond anvil’s flat in order to make electrical contact
with the MnO sample. Elsewhere, the electrical probes are covered by abb0fd0 of
epitaxial diamond, which serves to electrically insulate the micioggsdrom the metal gasket
and also to protect them from damage due to shearing as the DAC is pressurized.

For large values of resistance (R >(1k two-probe resistance measurements were made
using a QuadTech 1865 Megohmmeter, while for smaller resisga(R < 1K2) a fourprobe
technique was employed. The feprobe measurements were made by passing a DC current
through a Keithley 2400 source meter, with voltages measured via a Keithley 2182
Nanovoltmeter. Over a certain range of resistances in tirity of 1kQ2, both methods were
used, enabling us to normalize the data from the two measurement techniques to each other. A
closed cycle He cryostat (Cryomech ST15) was used to examine the temperature dependence of
the resistance at specific pressures.

Results

In situ measurements of the sample resistance are summarized in Fig. 2. The initial
sample is an opaque greeniglack powder that is insulating with a resistance on the order of 5 x
106% Q. Compression of the sample produces a gradual decireassistance to a value between
10° and 13 Q at 80 GPa. Slight variations in the rate of decrease in resistance appear to depend
on sample preparation and geometry. Further compression in the range P > 85 GPa results in the
rapid decrease of the rewsce of the sample by five orders of magnitude, reaching a final value
of 7-8 x 10° Q) at 106.4 GPa. This resistance corresponds to an estimated resistivity of about 40
HQ-cm, which is typical of a metal.

Figures 3 and 4 show the sample resistanceustemperature at 87 and 106 GPa,
respectively. At 87 GPa (Fig. 3) the resistance behavior shows a large increase with decreasing
temperature, indicative of thermal activation of carriers across a gap. The inset shows log (R) vs.
1/T, which gives an engy gap of 0.16 eV, based on simple exponential behavior. The insulator
to metal transition is complete by 106 GPa, and the metallic behavior of the sample is clearly
evident in Fig. 4, with dR/dT > 0. In both cases, we attribute minor variations fnoeafi
(metallic) or exponential (insulating) behavior to slight changes in pressure with temperature.

Discussion



Our observation of a large, rapid drop in the resistivity of the Mott insulator MnO near 90
GPa strongly supports previous claims of métalion based on optical observatidhand the
disappearance of Raman peaksThe onset of a rapid drop in resistivity at about 90 GPa
coincides with the appearance of the unidentified intermediate phase reported byétahtio
Since it has been predicted that the Mott insukdtemetal transition of MnO is accompanied by
a large volume collapéeand since the accumulated evidence for atNtansition at 90 GPa is
now very strong, we suggest that there may be a volume collapse at 90 GPa. From an
examination of the EOS data of Kondo et-3lwe conjecture that th&V/V , magnitude of the
volume collapse may be around 12%, although the actual structure of the phase immediately
above 90 GPa has not yet been identified.

The decrease in the nearest neighbor distances of MnO with increasing pressures can be
expected tdave the effect of both increasing the amount of crystal field splitihi:£) and
increasing the effective (3d) bandwidth W. In the first case, if the crystal field splitting exceeds
the Hund’s rule exchange energy favoring the hégin state, then tk system may collapse to a
low-spin state. In the second case, if the bandwidth W increases to the point that the U/W ratio
becomes small enough @.24 for dband electrons), the system may then undergo a Mott
insulatorto-metal transition. Either of #se effects could conceivably result in the pressure
induced magnetic collapse of the highin state of MnO, although only the latter necessarily
involves metallization. Based on generalized gradient approximation (GGA) calculations, Cohen
et al have argued that the pressimeluced magnetic collapses of MnO, FeO, CoO, and NiO are
all driven by broadening of the effective electronic bandwidth W and a Mott instietoretal
transition rather than an increase in crysteld splitting, which they claim is only a small effect.

Our observation of a sharp metallic transition starting at 90 GPa is consistent with this view that
an increase in bandwidth drives a magnetic collapse transition due to electron delocalization.
Wefind, however, that the onset of metallization in MnO occurs at a pressure considerably
below the predicted transition pressure of 149 GPa, which was based on the assumption of a B1
(rock salt) structure for both the higand lowspin phase3.

Conclusions

We have performeth-situ high-pressure electrical conductivity measurements on MnO
to a maximum pressure of 106 GPa. Starting at 90 GPa, the resistivity undergoes a fiveforder
magnitude drop, complete by 106 GHa.addition, the insulating and metallic behavior of the
MnO sample was confirmed upon temperature cycling at 87 and 106 GPa, respectively. Our
observations strongly support a pressimguced Mott insulateto-metal transition with
accompanying magnetcollapse in MnO beginning at a pressure of 90 GPa.
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Captions

FIG. 1 Photograph of a designer diamond anvil used in conductivity experiments. The anvil was
fabricated jointly at Lawrence Livermore National Laboratory and the University of Alabama at
Birmingham. The flat size is approximately 146 and the linewidth of the probes is juin.

FIG. 2 Resistance vs. pressure of MnO. Pressures were measured using ruby as an internal
standard for Run 1 and Run 2a, while in Run 2b pressures were calculated by comparison with x
ray diffraction spectraTemperature cycles A and B correspond Figs. 3 and 4 respectively.

FIG. 3 Resistance vs. temperature upon cooling at 86.8 GPa. The sample shows insulating
behavior commensurate with an effective gap of 0.16 eV.

FIG. 4 Metallic behavior of MNO. Resetce data were collected on cooling of the sample at
106.4 GPa.
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FIGURE 3
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FIGURE 4
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